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Experimental

Instrumentation

Genesys 10s (Thermo Fisher Scientific Inc., Madison WI, USA) UV-vis spectrophotometer was used to obtain the electronic spectra of EDDBP. Hach Sension 3 (Hach Company, Loveland, Colo. USA) pH meter was used for the pH determination. Infra-red spectra of EDDBP were recorded using IR 100 series (Thermo Electron Corporation). NMR data were obtained on Varian Mercury YH200 MHz NMR spectrometer. Magnetic stirrohotplate (Remi Equipment, Mumbai India) was used for stirring.  Bruker® D8 Discover diffractometer, equipped with a Lynx Eye detector, under Cu-K radiation ( = 1.5405 Å), and ASAP-2020 adsorption apparatus (Micromeritics) of the Nanotechnology and Innovation Centre, Rhodes University, South Africa were used for XRD measurements and the determination of pore textural properties of the EDDBP-modified SG respectively.
Reagents and materials

The SG (70 – 230 μm) was purchased from Riedel de Haën Hannover, Germany. Acetylacetone (99% purity) was purchased from Merck - Schuchardt, Honenbrunn Ian Munchen. Ethylene diamine (99% purity) was purchased from Fluka Analytical, Sigma Aldrich St. Louis, MO USA. All other reagents used were purchased from BDH Chemicals Co. Ltd, Poole England. All the reagents were of analytical grade. Except for SG, all other reagents were used without further purification. The ligand (EDDBP) was prepared as previously reported[1], characterized by UV-vis, IR and NMR analyses, and was used as 2% aqueous solution. The silica gel was activated following the procedure described elsewhere [2].
Preparation of buffer solutions (pH 1 – 12)
Clark and Lubsprocedures[3] were used to prepare buffer solutions (pH 1 – 12). These were prepared by addition of standard solutions of hydrochloric acid or sodium hydroxide to portions of stock solutions of KCl, KH2PO4, K2HPO4, or H3BO3, followed by suitable dilution with DDW.  Other buffer systems of acetic acid-sodium acetate, citric acid-trisodium citrate, oxalic acid-sodium oxalate, ammonia-ammonium chloride and sodium dihydrogen phosphate-disodium hydrogen phosphate were prepared as described elsewhere[4]using 0.2 M solutions of the additives in suitable ratios and adjusting to the desired pH where necessary with dilute HCl or NaOH (NH3 was used for ammonia-ammonium chloride buffer).
Adsorption experiments
The effects of pH, contact time, mineral acids, initial amount of EDDBP and the total volume of the ligand solution on the adsorption of EDDBP on the SG surface were determined as follows:
Effect of pH: The activated SG (0.1 g) was weighed out separately into 12 different extraction bottles and added 2 mL of the EDDBP solution. The mixture was made up to 5 mL with the appropriate pH buffer solution, stirred for 5 min and then filtered. The unadsorbed EDDBP on the SG residue was washed off into the filtrate with 1 mL of DDW. The filtrate was adjusted to the working pH and then made up to 10 mL using the particular pH. The amount of EDDBP in the filtrate was determined spectrophotometrically at 240 nm against the reagent blank. The SG residue was dried, weighed and the amount of EDDBP adsorbed on the SG surface determined gravimetrically by mass balance.
Effect of contact time: The mixture of activated SG (0.1 g) and 2 mL of EDDBP solution was made up to 5 mL with pH 1 and was equilibrated for 2, 3, 5, 10, 30 and 90 min in separate bottles. The amount of EDDBP in the filtrate and adsorbed on the SG residue was then determined as previously described.
Effect of acids, initial EDDBP amount and volume: The experiments to determine the effects of mineral acids (0.0001 – 2.0 M), the initial amount of EDDBP (2 – 100 mg) and total volume of the EDDBP solution (5 – 100 mL) were similarly performed as described above.
Characterisation of EDDBP–modified SG
The EDDBP–modified SG samplewas placed on a zero background silicon wafer slide and the XRD data collected over the 2 = 0-1000 range, scanning at 0.0100 min-1 and 192 s per step[5].
The pore textural properties of the EDDBP–modified SG sample, including the specific Brunauer–Emmet–Teller (BET) surface area, pore size distribution, nitrogen adsorption and desorption isotherms, were measured on an adsorption apparatus. The BET method was utilized to calculate the specific surface area of the sample using the non-local density functional theory (NLDFT) model. The pore volume was derived from the sorption curves. The sample was first dried under vacuum (10-4 bar) at 400 K for 20 h and then degassed under ultrahigh vacuum (10-9 bar) at 393 K for 16 h. The sample was back-filled with nitrogen, transferred to the analysis system, and then again degassed under ultrahigh vacuum at 373 K overnight. The BET surface area was calculated based on relative pressures 0-12 mmHg. The micro pore analysis was obtained from the nitrogen adsorption and desorption data[6].
Theoretical models of the adsorption process
The Langmuir isotherm

	The Langmuir isotherm is represented by Eq. (1):
					(1)

The equation can be changed to a linear form as Eq. (2).

		(2)

where qe (mg/g) is the amount of adsorbate on the adsorbent at equilibrium, qmax (mg/g) is the theoretical monolayer capacity, KL is the Langmuir equilibrium constant related to the affinity of binding sites and energy of adsorption, and Ce (mg/mL) is the equilibrium solution concentration of the adsorbate. The linear plot of (𝐶𝑒/𝑞𝑒) against the equilibrium concentration (𝐶𝑒) is used to show if an adsorption process obeys the Langmuir model. The values of the constants KLand 𝑞max are obtained from the slope and intercept of the plot[7]. 

[bookmark: _Toc431446469][bookmark: _Toc426428461][bookmark: _Toc412992520][bookmark: _Toc411274509]The Freundlich isotherm

	The Freundlich adsorption isotherm model is used for adsorption onto heterogeneous surfaces [8] and predicts the relationship between the solute concentration on the surface of an adsorbent to the solute concentration in the liquid with which it is in contact. The Freundlich isotherm is given as Eq. (3):
				(3)

The equation can be linearized and the temperature dependent constants KF and 1/𝑛found by linear regression as Eq. (4):
		(4)
where qerepresents the amount adsorbed per amount of adsorbent at equilibrium (mg/g), Cerepresents the equilibrium solution concentration (mg/mL) of the adsorbate, and KF and n are Freundlich constants which represent the adsorption capacity and the adsorption strength respectively. The parameters are obtained from the intercept and slope of the linear plot of log(qe) versus log(Ce). The value of 1/n describes how favourable the adsorption is and the extent of heterogeneity of the adsorbent surface [8].

The Temkin Isotherm model

Temkin and Pyzhev considered the effects of indirect adsorbate/adsorbate interactions on adsorption isotherms. By ignoring the extremely low and large values of concentration, the isotherm model assumes that heat of adsorption of all molecules in the layer would decrease linearly rather than logarithmically with surface coverage due to adsorbate/adsorbate interactions [9, 10].  The Temkin isotherm has been used in the form of Eq. (5) and modified into (6):

			 =  ln(			(5)

			 =  ln( +  ln()		(6)

But if B =  , Eq. 6 will become:

			 = B ln( +  Bln()		(7)

where At = Temkin isotherm equilibrium binding constant (L/g), b = Temkin isotherm constant (kJ/mol), R = universal gas constant (8.314 J/mol/K), T = Temperature at 301 K and B = a constant related to heat of sorption in kJ/mol. Temkin isotherm is obtained by plotting the quantity sorbed (qe) against ln(Ce), and the constants are determined from slope and intercept of the curve.


Dubinin–Radushkevich isotherm model

Dubinin–Radushkevich isotherm model is applied to express the mechanism of adsorption with a Gaussian energy distribution into a heterogeneous surface. This model is often successfully fitted with the intermediate range of data concentrations and high solute activities[9] in which the linear equation and constant are as given in Eqs. 8-10:

			 =  exp(Bε2)			(8)

			ln( = ln( (Bε2)		(9)

			ε = RT ln			(10)
	
where qs is Dubinin–Radushkevich isotherm constant related to the degree of sorption on the sorbent surface and B is denoted as the isotherm constant. The approach is usually used to specify the physicochemical adsorption of an adsorbate with its average free energy (E) of sorption per adsorbate molecule when it is moved to the solid surface from initial solution infinity and can be calculated using Eq. 11.

			E = 			(11)
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The pseudo-first-order-kinetic model

	Sorption kinetic rate equation as given in Eq. (12) can be used to represent an adsorption system that follows the pseudo-first-order-kinetics.
[bookmark: _Toc412472294]						(12)

where k1 is the rate of sorption (min-1), qe the amount of adsorbate adsorbed onto the adsorbent at equilibrium (mg/g) and q is the amount of adsorbate adsorbed at any time (mg/g). Integrating Eq. (16) for boundary conditions t = 0 and t = t and q = 0 and q = q, gives Eq. (13)[11]: 
		(13)
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For any adsorption system that follows the pseudo-second-order-kinetics, the adsorbate was assumed to get adsorbed onto two surface sites[11]. Thus, the adsorption kinetics for an adsorbate onto an SG is given as Eq. (14):
		(14)	
where (SG)0 is the number of active sites available on the SG surface and (SG)t represents the number of active sites occupied on the silica gel at any time.
Thus, rewriting the kinetic rate equation gives Eq. (15): 
		(15)

where q is the amount of adsorbate adsorbed at any time (mg/g), qe the amount of adsorbate adsorbed onto SG at equilibrium (mg/g) and k2 is the rate of sorption (g/mg min). Eq. (15) can be rearranged to give Eq. (16) as:
[bookmark: _Toc412472298]						(16)
	
At boundary conditions of q = 0 and q = q and t = 0 and t = t, Eq. (16) can be integrated to give Eq. (17)[11]:
[bookmark: _Toc412472299]						(17)
Eq. (17) gives the pseudo-second-order adsorption rate law. A previous study [12]had suggested that physisorption processes are consistent with the pseudo-second-order kinetic model.

Elovich’s kinetic model

Elovich’s kinetic law of chemisorption is another rate equation based on the adsorption capacity[13]. The rate of adsorption of EDDBP onto SG decreasing exponentially with an increase in the amount of EDDBP adsorbed is given as Eq. (18) [13, 14]:
		 =                                      (18)
where q is the amount of EDDBP adsorbed during the time t, αir the initial adsorption rate, and  is the desorption constant during any one experiment. To simplify Elovich’s equation, Chien and Clayton [13] assumed that αirt 1 and by applying the boundary conditions of q = 0 at t = 0 and q = q at t = t, then Eq. (18) becomes Eq. (19):
		q = 1/αirln(αir) + 1/αirln(t)	    (19)
Thus, the constants can be obtained from the slope and the intercept of a straight-line plot of q against ln(t).

Validity of theoretical isotherm and kinetic models

The applicability of the theoretical isotherm and kinetic models in describing the adsorption process of EDDBP onto SG was further validated using a normalised standard deviation, q (%)[15]. The statistical determination q (%) is based on a percentage of the sum of the difference between experimental and theoretical adsorption capacities from the isotherms, or kinetic models, of which was divided by the experimental adsorption capacity and squared, and subsequently divided by the difference between the number of points and unity. It is defined as Eq. (20):
			 = 100 (20)
where N is the number of data points, qe,exp and qe,cal (mg/g) are the experimental and calculated adsorption capacity, respectively. A low value of q (%) indicates that experimental data fit better into the model. In order to confirm the best-fit model for an adsorption system, there is a need to analyse the data set using the q (%), combined with the values of the determined regression coefficient (R2)[16]. 
The temperature dependence of adsorption process is associated with changes in several thermodynamic parameters such as standard free energy (Go), enthalpy (Ho) and entropy (So) of adsorption[9]. Standard free energy (Go) can be calculated using Eq. (21)[12]:
Go = RTlnb		               (21)

where R is the universal gas constant, T the temperature (K) and b the Langmuir constant (b = KLqmax). In this work, experiments were carried out at constant temperature (301 K) and hence only the standard free energy was evaluated using Eq. 21.




Characterisation of EDDBP

The synthesized EDDBP was characterized based on melting point, UV-vis, IR and NMR spectra. The melting point was 381±1 K. We have previously noted[17, 18]that EDDBP exists in three tautomeric forms, keto-imine, enol-imine and keto-amine (Scheme 1). The UV-vis spectra of EDDBP showed that it has maximum absorption at 321.9 nm with a shoulder at 237 nm and molar absorptivities of 5.3 × 104 and 1.1 × 104 L mol1 cm1 respectively. These have been attributed to n → π* and π → π* transitions respectively.
Table 1 shows the essential peaks of the FTIR spectra of EDDBP. The peak at 3100 cm1 was due to hydrogen-bonded OH or NH in EDDBP. The weak band at 2820 cm1 was attributed to CH2 or CH3 absorption. The peak at 1625 cm1 was associated with stretching frequency of the C=O carbonyl group. The presence of a broad peak at 1590 cm1and a strong peak at 1500 cm1 were respectively assigned to C=C andC=Nvibrations characteristic of Schiff’s bases. 
The proton NMR data of EDDBP in CDCl3 with TMS as an internal reference is given in Table 2. The sharp doublet at 1.87 integrated for 12 protons was assigned to the slightly non-equivalent CH3CN and CH3CO protons. The 4 H, showing astriplet at 3.39 ppm is due to the ethylene bridge protons whereas the singlet at 4.91 (2H) was attributed to the vinyl hydrogens. This is related to the broadband at 10.60 integrated for 2H which likely arose from the strongly hydrogen-bonded enolic form. This shows that in CDCl3 solvent the structural form of EDDBP is strongly hydrogen bonded.











Tables

Table 1
Infrared absorption bands (cm1) of EDDBP as nujol mull
	Assignment
	OH, from H2O
	OH
	NH
	CH3,
CH2
	C
	C=C
	C=N
	CCH3
	CN
	CO
	C=C

	EDDBP
	-
	3100(br)
	2900(br)
	2820(w)
	1625(w)
	1590(br)
	1500(s)
	1440(w)
1355(w)
	1340(s)
	1270(s)
1125(w)
	920(w)


Note: s = strong, w = weak, br = broad  


Table 2
 Proton magnetic resonance data of EDDBP in CDCl3 relative to TMS reference
	Signal (ppm)
	Assignment

	10.60 (br) 2 H
	Sym. O-H, hydrogen-bonded

	4.91 (s) 2 H
	Sym. =C-H, methyne protons

	3.39 (t) 4 H
	CH2 CH2, methylene bridge protons 

	1.87 (d) 12 H 
	Sym. CH3C  O(N) non-equivalent


Note: d = doublet, t = triplet, br = broad, s = singlet, sym = symmetrical
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Scheme 1: The three tautomeric forms of EDDBP
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